Abstract-Riverbank erosion near river mouth is an increasingly serious problem for social-economic activities and natural environment of Southeast Asia. There are many factors impact on erosion process such as bank materials, mangrove trees, aquatic animal burrows, meteorological and hydrodynamic conditions. In this paper, the authors investigated the critical shear stress for erosion of cohesive riverbanks in the Soai Rap River, southern Viet Nam. The results showed that the riverbanks have been moderately eroded with the critical shear stresses range from 0 to 5.731 N/M2 and the erodibility coefficients range from 0.497 to 9.07 cm3/N-s. Simultaneously, the authors applied numerical models to verify the distribution of shear velocities in the study area. In condition with tidal currents, the significant shear velocities mainly appear in the upper part of the Soai Rap River and in the Dong Tranh River (near river mouth). In condition with waves, the significant shear velocities only appear at the river mouth. In conditions with both tidal currents and waves, the significant shear velocities appear in upper part of the Soai Rap River and at the river mouth. The simulation results indicate that the distribution of shear velocities agree quite closely with the field survey data.
I. INTRODUCTION
The Soai Rap River in southern part of Viet Nam is an economically important seaport river. It is the largest outfall of the Dong Nai and Sai Gon river system with 660 m wide at the narrowest section and 3000 m at the widest one. The depth is about 6 -7 m at the widest section. The banks of the Soai Rap River have been eroded severely in some positions by hydrodynamic action such as wind waves, ship waves and tidal flows.
In recent years, because of social-economic developing demand, the government of Ho Chi Minh City planned to dredge the Soai Rap River to more than 13 meters for large ships (20.000 -50.000 DWT) moving to Saigon Port and many deep seaports are going to be built along the banks of the Soai Rap River [4] . Waves generated by ships navigating the river cause bank erosion seriously. In addition, many residents have constructed shrimp ponds along the riverbanks. These will accelerate riverbank erosion. Our final object is to predict the erosion possibility of the riverbank.
Determining the critical shear stress for erosion is the crucial work to calculate erosion rates of riverbanks. To measure the critical shear stress of the Soai Rap riverbanks, the authors selected six actively eroding banks for detailed study. To measure the critical shear stress of riverbanks for the erosion by fluid motion, a nonvertical submerged jet test device was used. This device was developed based on some previous researchers [3] . The nonvertical jest test device consists of a pump, adjustable head tank, jet submergence tank, a point gage, and other support materials (Fig.2) The jet submergence tank is about 30 cm in diameter and 30 cm in height with a skirt of 20 cm that the tank can be embedded into the soil to a depth of 20 cm. The lid of submergence tank was designed to hold water in the tank and opened to measure the scour depth. Besides, the lid also holds the jet tube perpendicular to the soil surface and holds the discharge tube and pressure gage.
The jet tube was designed to allow a point gage to pass through the orifice, shutting off flow, and to take soil surface measurements as scour occurs during testing.
The head tank was used to control the hydraulic shear stress and to dampen fluctuations in pumping level. Water was pumped from and discharged to the Soai Rap River.
When the rate of change in the depth of scour diminishes to zero, equilibrium depth Je is attained and critical shear stress is calculated by (1), the maximum stress and the jet velocity at the orifice were calculated by (2) and (3) [3] .
To =C-*P* 2 (2) U0 = 4.046 * H 0.4899 (3) where to is the maximum stress due to the jet, Uo is the velocity at the orifice (m/s), Cf is the friction coefficient (0.00416), p is the density of river water (1010 -1025 kg/m3), and H is the differential head (m). The relationship between the initial velocity of water jet Uo and the measured differential head H was calibrated by the authors as shown in Fig. 4 . The nonvertical submerged jet test device is operated based on the diffusion principles of a submerged circular jet, and scour beneath an impinging jet [3] . The critical shear stress is determined based on equilibrium scour depth Je as in (1) . The difficulty of determining equilibrium scour depth is that the length of time required to reach equilibrium can be very large [3] . Field data were recorded in the spreadsheet. This spreadsheet estimates the equilibrium depth using the scour depth versus time and the hyperbolic function [1] . The general form of the equation can be computed by (4) where A is the value for the semitransverse and semi-conjugate axis of the hyperbola; fo, f, and x are calculated by (5), (6) , and (7), respectively.
where t is the time of data reading. The spreadsheet routine determines the minimum standard error for this fuction versus the jet test data. The erodibility coefficient kd is determined based on the scour depth, time, pre-determined tc and the dimensionless time function as described by (8). Fig. 5 . In April, the highest temperature on average is about 300C. From December to January, the lowest temperature on average is about 260C [6] . These temperatures cause the desiccation process of the riverbanks. During the field survey from 14-17 November 2007, authors measured tidal currents and waves at three sites SR2R, SR5R, SR6L (Fig. 1) . The instruments used to measure tidal currents and waves are Compact-GEM and Compact-WH, respectively. Tidal current and wave data are shown in Fig. 8 9. The water surface displacement shown in Fig. 8 includes two large fluctuations caused by boats. The maximum wave height caused by boat is more than 15cm. Fig. 9 shows that the velocity of tidal currents is over 80 cm/s. These currents and waves will cause bank erosion severely. protect land from erosion. However, in the study sites, many mangrove trees have been collapsed because of hydraulic forces (waves, currents) and exposed shallow roots to the environments.
On the other hand, there are various aquatic animals such as crabs, shells, fish etc. which burrow and make many holes in the riverbanks. These holes will cause the mangrove trees unstable to waves and currents. Fig. 10 shows the actions of waves and currents and shallow exposed roots of mangroves with many burrowed holes. In the site of SR1L, the authors could not measure the critical shear stress because of very soft soil with high siltclay content and unconsolidated materials.
The scour rate of site SR2R changed from 3.4 cm at first 5 minutes and 3.6 cm at the second 5 minutes and 4.2 cm at the last 5 minutes. The scour rate data were fitted with the hyperbolic form as (4) and described in Fig. 11 . Figure 12 . Fit of scour rate data at SR2R to determine kd From (1), the critical shear stress was easily calculated and got a value of 1.764 N/M2. The erodibility coefficient was determined by (8). Fig. 12 shows the curve fits the measure jet data to (8) . From this routine the erodibility coefficient of measuring site SR2R was 9.07 cm3/N-s.
From the scour rate data of four remain measuring sites (SR3L, SR4R, SR5R, SR6L), authors also fitted the data to the hyperbolic form and got values of critical shear stress and erodibility coefficient. The critical shear stress, the erodibility coefficient and physical properties of bank materials are shown in Table I . Table I , the authors judged that the relationship between critical shear stress and sand content is quite clear. It seems to be that when the sand content of bank materials increases, the critical shear stress will decrease as illustrated in Fig. 13 .
The relationship between critical shear stress and the erodibility coefficient is showed in Fig. 14. 8.00
978-1-4244-2126-8/08/$25.00 ©2008 IEEE At the measuring site SR6L, although the critical shear stress is very low (0.171 N/M2) but the erodibility coefficient is also low (0.745 cm3/N-s). These values do not mean that the erosion rate at this site is low. As Fig. 13 , it is very difficult to find the clear relationship between the critical shear stress and the erodibility coefficient. This means that when the critical shear stress decreases, the erodibility coefficient can increase or decrease.
At measuring site SR2R, the critical shear stress is quite low (1.764 N/M2) and the erodibility coefficient is high (9.07 cm3/N-s ). This result agrees with the author's observations in the field because the measuring site SR2R has eroded quite severely.
At the measuring sites SR3L, the critical shear stress and the erodibility coefficient are quite high (c = 5.731 N/m2, kd = 4.61 cm3/N-s). These values showed that the measuring site SR3L has eroded moderately.
At the measuring site SR4R, the critical shear stress got a value of zero. It could be said that this site will be eroded easily when hydrodynamic forces attack the banks.
At the measuring site SR5R, the critical shear stress is quite high (4.271 N/M2) and the erodibility coefficient is low (0.497 cm3/N-s 
where g is the acceleration due to gravity; 0 is the wave direction; d50 is the mean grain size; tanf is the bottom slope; E is the wave energy; and H is the wave height.
In the present models, these equations are transformed into finite difference equations at homogenous grid points and solved by so-called ADI method [2] . A homogenous grid system of a distance AS = 50 m was used and a time increment In condition with both current and wave action, the boundary condition was set up with surface elevation Eo= 2.5 m, incident wave height Ho = 1.5 m, wave period To= 6 s, and tidal height is 2.0 m. Fig. 17 shows that the significant shear velocities appear both in the upper part of the Soai Rap River and at the river mouth. These results indicate that the distribution of shear velocities agree quite closely with the field survey data. Numerical models can be used to predict the distribution of shear velocities causing bank erosion.
The erosion rates of cohesive riverbanks will be determined when effective shear stress of hydraulic forces is evaluated.
